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PREFACKE

The research reported herein was conducted by the Arnold Engineering Development
Center (AEDC), Air Foree Systems Command (AFSC), and, in part, by the National
Acrorautios and Space Administration (NASA) Dryden Flight Research Center (DFRC).
The results were obtained by ARO, Inc., AEDC Division (a Sverdrup Corporation
Company), operating conttactor for the AEDC, AFSC, Arnold Air Foree Station,
Fennessee, under ARO Project Number PI2A-14A in cooperation with NASA/DFRC,
Edwards Air Foree Base, California. The Air Foree Project Manager was Mr. Alexander F,
Money. The NASA F-18 Test Program Manager was Mr. Terry Putnam. The NASA test
pilots were Bill Dana and Einar Enevoldson. Data analysis was completed on June 18, 1979,
and the manuscript w.'s submitted for publization on November 2, 1979.

The correlations of experimental date, obtained testify to the capable efforts of a large
number of individuals at many ditfercnt facilities who participated in these tests. Data
presented hercin were acquired in @ spirit of cooperation with the NASA Langley
Acronautical Research Center, NASA Ames Research Center, the Naval Ship Research and
Development Center, the Calspan Corporation, and the governments of the United
Kingdom, France, and the Netherlands all participating,

This research was benefitted by the support, scrutiny, and critique of the U. S.
Transition Study Group chaired by Dr. Eli Reshotko sought and received over a five-year
period in ail phases from test planning to final analysis of the results.

- - -

Fedee vap

. )
N i dal /
Y .

KRR Y NSYY - TR
LI N
LA L m.

e

S
¢

ooy
oo

P

L -

fu, W <o

T

1

—— gy g e

b




CONTENTS

....................................
......................
......
.......................
.......................................
...........

................................

.......................................

................................
......................

..............................

fa W Y -
et
—
=4
3.
-
=
-
E
=
-—
(47
Z
jw)
=3
o

..................................

N
-
s
2
[
£
—
=
T
=
=
S
3
[
3
-
=N
—
o
&
s
=
=]
-
=
~
o
<
=
[
v
=4
-
=
C,
T

6. Variation of Nondimensional Frequency with yRe, ........
7. Cone Microphone Specira in the NASA Langley 4 SPT at
Mo L6VMe = 1Sy oo
8. Cone Microphone Spectra in the NASA Langley 4 SPT at
M, = 20M, =195 ...
9. Cone Microphone Spectra in the NASA Langley 4 SUPWT
Test SectionNo. L, at M = 1.6(M, = 1.57) ......
10. Cone Microphone Spectra in the NASA Langley 4 SUPWT,
Test Section No. 1, at M, 20M.=19% ........... ..
11. Cone Microphone Spectra in the NASA Langley 4 SUPWT
MMy = ASMC= 33D o

12. Cone Microphone Spectra in the NASA Langley 4 SUPWT

.............................

..............................

3

AEDC-TR B1-28

ape

....................

....................

....................

...................

....................

...................

....................

....................

....................

....................

....................

....................

oooooooooooooooooooo

....................

....................

...................

10
10

13
15

1o

I8

19

20

-

; MESCEDING FAGE BLAMK-T FILMED
|

J

|

.
Jo—

Nt




ATDC TR 81 26

Figure Page
L Nondimensional Frequencies versus « Rey in the | dopley
Fannels an M, boand2o 00 A3

4. Nomdimensional ) equeney sersie . Rey trom NASA | anpley
ASUPW L, Fest Section No,

AR
. . L

................. h
ISc Tvpacal I Fliphe Piren Presaee trotile Al
1o I Elight Tramsition Res nolds Number as o bunction of Moo C N
17 Free Steam hmpact Pressine Puctwadions 00 AL
IR, Correlation Between Flight Rey and Cone Surtace
Disturbance Measwemenss G . . oo 30
19, Correlation Between Flight Rey and Impact Probe
Disturbanee Measurements 30
200 In-Elight Transition Revnolds Number as a Function
OPU, e e Ry
21 Transition Revnolds Numbers Obtained in Wind Tunnel
Groups L 2oand 3 000 e e B R
22, Transition Revnolds Numbers in Group 2 Wind Tunnels L 30
23, Comparison of 1 owew Disturbance Levels Measured in
Wind Tunncls with Disturbances i Flighe 39
4. Disturbance Measurements in Group 2 Transonic Wind Tunnels .., oo 40
25, Correlation Between Rey and Cone Surface Disturbance
Measurements . 41
TABLES
L. Summary of Wind Tunnel Characteristies ......... .. .. e e
2. Spectral Peakhs Detected in Supersonic Wind Tunnels ... 23
3. Estimated Tollmien-Schlichting Frequenciesin Wind Tunnels .. ... ... 20
NOMENCLATURE oo e R

o e e Y

Eaandi o UPTVPIEPE

"
.
$
i
.
K]
¢ H
’
..

- o -

[

Y Py



AEDC TR A1-264

LG INTRODUGCTION

Revnolds number scabing i i standind echimigue tor execapolating dat obtained at o
constant Mach number on weaded wined tannel maodels o predier the tall-seale protorype
pedtormance i Hipht, For Revnolds number seading 1o he valid, both the model and ull-
seale bodies must be o thermal caqmbibomm snce heat tansfer has an influence on
boundary-faver deselomment, Nany contmuons tow wind tunnels simubisting fight have o
vantihle density capabiliny wheremn Resnolds number may be changed it constant Mach
number and temperatire by adjusting the pressine. A Revnolds number variation, thus
obtainad, canreveal variations in- parameters upon which an estrapolation to tlight
Revnolds number might be based. Howeser, Potter and Whitficld, Ref, 1, have shown that
one cannot expeet @ constancey in the value of the boundary-layer transition Reynolds
number relitive to a chanacteristic lenpth Reynolds number when scaling transition sensitive
data, Purthermore, as pointed out by NMorhovin, Ref, 2, there are no clear-cut rules 1o
puarantee that predictions of transition location on general body shapes will be accurate. A
common practice is to fiv transition in the wind tunnel using artificial trip device.,
particularly when there is a large mismatch in model-to-full-seale Reynolds numbers, Such a
practice may provide a constaney in transition Revnolds number relative to the characteristic
Revnolds number; however, the turbulent boundary-layer growth downstream of the trip
may not be representative of natural growth, and thus the simulation is still inaceurate.

Experimenters, therefore, resort to emipirical data corrections of some sort to improve
their Reynolds number scaling techniques. These corrections are not universally applicable
to different bodies and are not generally the same frem one wind tunnel to another (c.p.,
Treon et al., Ref. 3). Tunnel-to-tunnel differences in data from the same body can arise
from variations in wind tunnel flow quality. Three of the pertinent tactors in wind tunnel
flow quality are:

1. Nonuniformity in free-stream selocity (caused in part by wall interference),

2. Flow angularity (also caused in part by wall interference), and

3. Free-stream flow disturbances (acoustical noise and turbulence).
Research accelerated in cach ot these three arcas in the last decade when the USAF and
NASA jointly announced a technological need for improved definition of flow quality in
production wind tunnels. The rescarch reported herein is the result of one effort directed

toward improving the understanding of the effects of free-stream noise on b .wndary-layer
transition. Emphasis was in the Mach number range from 0.5 1o 2.0,
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2.0 APPROAC

Corteltable experimental datie were aceined on simple boddy i mnnber of wind
tnnek e thphie at comparable test condions, e pavameters ol concern were Ninly
numbher, Revpobds number, model ncidence, amd el adiabane  wall jecovery
femperatire with constant body peomerry, | he hody selected was i sharp, slender cone,
which reosecond anly 1o shinp, i Pl siphieis . The cone wis telt 1o be more
amenable 1o the phoned  esperiments beciese a0 T plate s difticult 1o hold
manubctinemy tolevinees, can base three dimensionin ebects hecinnse of s Pt spinn, ol
citn hecome structuadly unstable hiph dynamic pressines.,

Faminar turbatemt transition focation was selected s the primary dependent parameter
for investipation beciose trasition location is sensitive (o the freestream disturbanee
envitonment and 1o the free strcium unit Revnolds number, Zero asial surface pressure
pradient, which is an ideal condition for a transition study, is approached along a stender
cone at zeroincidence, A 1O-de included angle cone (S-deg halt angle) was selected which
provided only slightly Tavorable pressure gradients at subsonic Mach numbers and a zero
pressure gradient after bow shock attachiment at M, = 1025,

Fransition focation is a naturally restless phenomenon ideally definable in the mean by a
one-dimensional parameter (i.e., by the distance along a ray from the cone apex). Tramsition
is a Tunction of the receptivity of the laminar boundary layer to disturbances arising in the
frec-stream tlow and on the surface of the body. Henee, the cone was kept highly polished
throughout the investigation 1o minimize body-generated disturbances so that transition
variations might, as closely as possible, reflect an influence of the flow environment.

Fests were conducted with the H0-deg cone using constant instrumentation in 23 wind
tunnels in the U. S. ind Europe. During these tests transition location and the noise
disturbances reaching the cone surface were measured. Then, in order to evaluate
the effects of the wind tunnel disturbance environment, transition data were acquired on the
same cone in flight. The flight environment is not a zero disturbance environment; however,
the lowest possiole disturbanee environment was obtained by placing the cone as far forward
as possible on the nose boom of i test bed aireralt. The Might tests were performed in the air
space over Edwards Air Foree Base, Calitornia,

In contrast to the flight disturbance environment, which contains wind shears and
pockets of vorticity along with whatever disturbances are caused by the aircraft itselt
(principally those from the propulsion system), the low in a wind tunnel can contain a
complex pattern of turbulence and acrodynamic noise peculiar to the given tunnel. In order
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foorehie transition oveinrepee e the wind tunnel 1o g disturbianee enviconment, i wie

NECESIEY Lo ke some quamtitagive measteents ol the flow disimbances. (o fully
chivviveterize s piven distin banee COVIONIENE i a0 s esonie fiank e Ing many ennemble
ot thiee dimensional specir thin Pessess anherent ststicilly nonstationasy auititiens. )l
chatacterizanion wis no anempted, Howeve, two PRCTOPNONe Weasements an the cone
s iaee provided a patial guantiticiahion ol distir banees aemally reaching the cone s fage
(it in than the meisiements 1) wee Breaqueney-respons limited, ) Provaded only one
dimensional frequeney spectrag and ) conld ot distingaish whethes the fregueney
components of pressure hid their onigin as noise o tarbulence), In this sense, the
experiments were of i relaively Sl mactoseopic nature whieh conld heepemted in g
Fpe number of facilities over broad vange of test conditions but were lacking in the

microsconie detail necessary toeveal the mechanics of any given transition observation.
Fwo microphones were used 1o ob

ain redundaney in the measurement, In addition 1o the
microphone measurements on (e cone surkiaee, a third microphone was used dowthe
Might program to obtain measurements of the treesstreain disturbances.,

3.0 THE CONE AND EXPERIMENTAL TECHNIQUE

The 10-deg cone is made of ainless steel and iy 44
detected with a nominal 0.000-in, opening he
cone surface over a distance

S in. long (Fig. 1), Transition was
ight pitot tube traversed in contact with the
from 4 to 36 in. from the cone apex. The cone apex was less
than 0.005-in. equivalent diameter, The cone surface finish was nominally 10 pin. RMS. The
apex was cheeked repeatedly under o microscope, and the surface finish was cheched
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b. Instrument Locations
Figure 1. Concludod,

repeitediy usine s face proldometer with o SO0 pine dimond point sivhes (o assure the
Einterancee, is neatly as possible, o o constan peometric contiguration. 1 he cone and irs
instrumentation we deseribed by Credie and Carleton in Ref, dooand carly results in iy
transome tunncis are presented by Dougherty and Steinle in Ref, S,

Feste were pertormed in 23 wind tunnels in the UL S0 and Europe; the participating
Facilities are listed in Lable 1, i he resalts obtained in Furopean wind tunnels in France, the
Netherlands, and England are reported by Vaucheret in Rel, 6, by Ross and Rohne in Ref,
7. by Mabey in Rel, 8, and by Jordan in Ref, 9. A compilation of all the wind tunnel data
with comparisons and a summary of results is given by Dougherty in Ref, 10, Details of the
instrumentation and experimental technigues which, for the most part, became standardized
are also related in Ref. 10,

The coneis shown in Fig. 2 on the F-15 e aircralt during flight tests at NASADIFRC,
The flight data are reported by Fisher and Dougherty in Ref, 11, The flight test matrix is
shown in Fig. 3. The instrumentation and esperimental technigues were essenttially the same
in the flight test program as in the wind tunnel investigation, except for the special
considerations for tight test. The Right peculiar considerations were transducer selections
for the wider temperature extremes of the Rlight rest, pre-taheof T thermal conditioning of the
cone to achieve adiabatic wall temperature during flight, the addition of an impact
microphone on the traversing arm o measure the free-stream disturbances, and the
corrections applied to the data to compensate for the inubility 10 hold precisely sero
incidence and adiabatic wall temperature. All o these considerations together with the
calibrations performed for the flight test are reported in Ref. 11, The fixed flow-senaing
probe seen beneath the cone in Figs. 1 and 2 measured Mach number, altitude, and incidence
angle.
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Pressure AMtitude, ft x10™

Figure 3, Matrix of flight test data.
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The basic experimental technique in both wind tunnels and flight was first to acquire the
disturbance environment data recorded by the two microphones on the cone surface, one at
Xi - IRin., azimuthal angle 225 deg, the other at X, ~ 26 in., 180 deg from the ray traced |

by the pitot probe, The microphone data were recorded over a minimem 30-see sampling
o period with the pitot probe in a retracted position an x usually from 33.5 10 35.5 in. Then the -'
pitot probe was extended along the O-deg ray until complete transition had been detecied f
(within the limits of probe travel). The amount of extension was limited in the flight test 10
x = 16in. because of pitot probe vibrations relative to the cone surface. The output of a ‘
triaxial accelerometer package mounted inside the cone was monitored for correcting the : !
microphone data for acceleration sensitivity. Shaker table tests of the cone with the
instrumentation installed revealed sensitivitios primarily at 200 Hz and below. In the wind |
= | tunnels, recorded pressure fluctuations were gencrally at Icast an order of magnitude higher |
. than the microphone response to the measured acceleration levels. Thus, no corrections for
‘A acceleration sensitivity were applied in the wind tunnels. Microphone signals were high-pass
filtered at 200 H2 during playback of the flight test magnetic tape recording.

. A7

———

The pitot probe traversing rate in the wind tunnels was 12 in./min. In the flight test

program a faster drive mechanism was wtilized which increased the traverse rate to 38§

in./min. During each data point in both the vind tunnels and in flight, time was allowed for

the cone surface temperature to approach the adiabatic wall temperature before the data ;

acquisition sequence was begun after Mach number, pressure altitude, and cone incidence ‘

. were stabilized. Every effort was made to align the cone to the flow in the wind tunnels;
occasional excursions in pitch and yaw were required to find the flow stream angle in some

wind tunnels. Every effort was made by the pilot to trim the aircraft to align the cone to the

airstream. The nose boom was pivotable to compensate for the aircraft angle-of-attack

change with Mach number and altit ude; vernier adjustments to Mach number or altitude

were made by the pilot in an attempt to achieve simultaneously zero incidence and adiabatic
\ wall temperature,

YT e o R -

e BT OV Ui
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4.0 LAMINAR INSTABILITY

y Data obtained in flight showed significant differences between the spectra obtained on
the cone surface under laminar or turbulent boundary layers as well as differences from the ’
free-stream impact probe. Representative data are shown in Fig. 4. For the condition shown,
. the traversing pitot probe data indicated that boundary-layer transition on the cone surface
) began at Re, = 4.23 x 10° and ended at Re, = 4,92 x 106, Thus, the forward microphone
N was located in the transition zone while the aft microphone was under a fully turbulent
boundary layer. The turbulent boundary-layer spectrum had an integrated power
approximately two orders of magnitude higher than the free-stream spectrum. The

JuIy




~n

AEDC TR 81 26

Alt Microphone
Rexy * 6,416 x 106

* Forward Microphane |
Rey, = 4.442x 106
e S

107~ -

Free Stream '

0 2.5 5.0 1.8 10.0 5 150 175 20 25 2.0
f, kHz

108

Figure 4. Comparison of cone-surface arid free-stream impact
microphone spectra.

transitional spectrum exhibited a pronounced peak at approximately 14.5 kHz, rising three

orders of magnitude above the free stream. The parameter F denotes the value of a
nondimensionalized frequency used by Mack in Ref. 12 which is defined as

@G
2 rrfv,

[ o
u?
'I) (l)

where f is the center frequency of the peak in Hz. The parameter F is a form of the Strouhal

number in which unit Reynolds number provides the length scale for the
nondimensionalization.

Smoothed spectra from the cone surface microphones in the form of
nondimensionalized power, P'2/q2, Hz !, are shown in Fig. 5 at M, = 0.80 and M, =
1.35. The parameter varied in Fig. 5 is Re, obtained from flights at different altitudes at
near-constant M. Spectral peaks =re obvious under both laminar and transitional
conditions, but disappear into a smooth spectrum when the boundary layer at the

microphone location becomes turbulent. The events depicted in Fig. 5 are as follows:
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- As altitude was lowered at constant M., the transition location moved forward,

passing one of the two microphone stations on the cone surface;

When the boundary layer was laminar, Re, < Re,, a characteristic spectral peak
appeared at a relatively high frequency;

As the microphone Reynolds number increased, the spectral peak increased in
power while decreasing in center frequency;

When the boundary layer became transitional, Re;, < Re, < Rep, the
characteristic peek continued to decrease in frequency and increase in power, the
rate of power increase being exponential with Re,; there was also an
accompanying increase in power at frequencies below about 6 kHz;

For Res > Rer, the peak disappeared into a smoothly turbulent spectrum, and
the power at low frequencies decreased below that of the transitional values. (A
smooth spectrum free of peaks was construed as indicative of fully developed
turbulent flow in this inves: igation.)
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R AN v T=Hs e
Smoothed Spectra i R
10— Fully-Developed Turbulent B ~
—— ---—Transitional (Reg Near the Microphone) S,
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1000 = —— - —Transitional (Rey Near the Microphone)
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10"13 | | | 1 | |
0 5 10 15 ) 2
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Figure 5. Typical in-flight spectral data on the cone surface
at varied Re,.
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As seen in Fig. S, lesser peaks appeared randomly in the laminar and transitional spectra,
but the predominant characteristic peaks contained substantially greater power and
exhibited a monotonic variation with Rey at constant M, as shown in Fig. 6. All of the
predominant spectral peak data obtained in flight arc tabulated in Ref, 11,

-7 e
10 Rey * B
10°8 1.i% R B
.,-L 8.296
9 Ew)-\ P
— 10 \.,\ 1 T '7 \\ jm' T
L onpad N TR ey
7@ 10 ‘. \\ /'\.o
: “ 'n\\l‘ ] 7 ‘l‘“\‘
Ngre 10'11 Jle ‘J K *«' "' ;‘ —
o~ \ " / A A,“\ ./
1a R IR N
wieb— | Smoothed Spectra

- - Fully-Developed Turbulent
- Transitional (Ret Near the Microphone)

0B - - —Transitional (Mid-Zone Near the Microphone) T
I_ - ILamlnar | | | |
-14
107 5 10 5 20 %
f, kHz
b. M, =135

Figure 5. Concluded.

Making use of the cone-planar similarity rule that Reype = 3 Reyp, for the boundary-
layer properties, Mack’s theoretical values of F in Ref. 12 at varied M, for VRe, = 1,500
were transformed to 'Re, = 2,600 for a cone and are shown in Fig. 6 in comparison with
the cone flight data. Either the two-dimensional wave (¥ = 0) or the three-dimensional wave
(¥ # 0) from Ref. 12 was used depending upon which gave the better agreement with the
data at a particular Mach number. Mack's two-dimensional wave is the expectec * sllmien-
Schlichting mode of instability, The agreement between the measured frequervies on the
cone and Mack’s predicted frequencies, after cone-planar similarity transformation, seems
good enough to conclude that the predominant mode of instability in flizht befo:< transition
was the formation of Tollmien-Schlichting waves.

The flight test program was performed after completion of the wind tunnel investigation.
The information revealed in the flight data were used in inspecting the microphone spectra
obtained in the wind tunnels for any indications of Tollmien-Schlichting waves. Positive
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examples were found in three wind tunnels, the NASA Langley 4-ft Supersonic Pressure
Tunnel (SPT) and the two test seetions of the NASA Langley 4-ft Supersonic Wind Tunnel
(SUPWT). The better examples were at M — 1.6 and 2.0 in the 4 SPT, where the overall
RMS amplitudes, W/qm » were the lowest recorded anywhere in the wind tunnel
investigation, The spectral data recorded by the forward and aft microphones, respectively,
while unit Reynolds number was varied at M, = L6 are shown in Fig. 7. Broad peaks
similar to those observed in the flight spectra are evident at Rey, = 4.4 10°and Re,, = 4.3
x 109 The overall aspects of spectral growth at high frequency experienced in flight,
followed by amplitude growth at lower frequency when the boundary layer was transitional,
foliowed by decay to a smoothly turbulent boundary-layer spectrum are evident in Fig. 7.
Spectral data recorded in the 4 SPT at M_ = 2.0 are shown in Fig. 8. Spectral peaks are
distinguishable at Re,, = 4.4 x 10¢ and Rey, = 4.2x 105

0.8 sym Mg
o 07
Qo 0.8
© 09

0?7 > 1
0 1?2
=} 1.3
v 1.4

v.6F b 1
0 1.7

Solid Symbols  Theory, Rel. 12
?:: 0.5 +
)‘..
& o
.

0.3}

0.2

0.1

0 I 1 i { i 1
10 14 18 22 26 2 30

vRe 2102
Figure 8. Variation of nondimensional frequency with \/Re, .

The expected peaks were less clearly distinguishable in the higher-disturbance
environment of the NASA Langley 4 SUPWT at M, = 1.6 and 2.0, Figs. 9 and 10,
respectively. At M, = 1.6 peaks can be discerned at Rey, = 3.76 x 105 and at Rey; = 4.34x
10 At M_ = 2.0 a peak is apparent at Rey, = 4.34 x 100,
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At Mach numbers higher than about 2.0, mie
experienced in the wind tunnels; this limited the
condenser microphones, (1 he condenser mie
semitivity.) This problem wis encountered g
supersonic speeds as deseribed in Ref, 10, As the absolmte values of the “unstable!
frequencies approached a limiting. dinphragm resonant frequency near 48 ki, large
sympartetie amplitication resulted, with exeessive indicated amplitude and an unnataral

- cening of the spectral peak. The absolute amplitudes of overall RMS pressure,
\"p’?/q‘,’. are guestionable at the higher Mach numbers, A
were not entirely suceesstul, due 1o the inability to se
amplification from the actual Now instab
obtained in the 4 SUPWT wt M,
at high frequencies although a ¢l

rophone diaphrugm resonance was
i frequency response rimge of the 1/4-in.
rophones had been selected for their hiph
I low free-stream statie pressures and high

empis to correet the resonance
parate the degree of transducer
ility that was present, Nevertheless, spectral di

LS, Fig. 11, and M, - 4.6, Fig. 12 indicate a peuk
trcenter frequency tor the peaks is difficult to distinguish.
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a. Forward microphone
Figure 11. Cone microphone spectra in the
NASA Langley 4 SUPWT at
M. =35 (M, = 3.37).
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b. Aft microphone
Figure 11. Concluded.

The spectral peak data from the three wind tunnels are given in Table 2 with some
reservations about the accuracy in defining peak center frequencies at the higher Mach
numbers. The nondimensional peak frequency data for the three sets of data are compared
with the flight data and Mack’s theory in Figs. 13 and 14, revealing excellent agreement.
Curiously, Mack’s frequency for a two-dimensional wave appears to be in very close
agreement at M = 3.5: however, the theory for a three-dimensional wave is in closer
agreement with the data at M = 4.6,

The data from the NASA Langley wind tunnels yielded reasonable confirmation that
the same type of instability was present in the wind tunnel and flight experiments. The
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Figure 12, Cone microphone spectra in the
NASA Langley 4 SUPWT at
M_=4.6 (M, = 4.36).

nd
& h»‘
.
[
wl
0 AL
o0? i 5 4 ke 1
0 » L} o) L m 1.0
[

b. Aft microphone
Figure 12. Concluded.

22

- m gy,

e

POy

e

B~ bt

S Pitas)




ATDC TR A 26

RAERE . b ISR . ..

reavdasotm D133y
Z "°& SI ‘ledaSy 4ar3umeT vVSYN aul woly Eleq
827G gse 1
100°1T 91¢°1
£CST0 8881
8Cc8°0 219°1
¥2C°Q 182°C {1 ce9
g SgC 1
t£S 0 r AR A |
STEC ge1c
£I+ 0 66L°T
€@ 8it ¢
+6€°0 FAL A cecz 2 019
1 "OX S1 “1sd1SPH £3713ue7 ySYN 2uUl WOIy elreq
S2I°C A ST A vLL'1 019
LT G cED T 6¥C ‘1 019
192°C 6261 6%S°1 019
1cSt fa13ue VYSYN 8yl woxy ejed
FESC s g 10L°Y 9°1LS
26170 960 °2 L't 9°1LS
£IZ°0 0161 88Y ‘1 €128
g3z C ceLE 88F ‘T €°1LS
tole 001°2 88% ‘1 €°1LS
- - . On ? -
ot x Ss “x " o1 x s Ty sd: °n ¥, 't

*aouruosax wdexyderp

13ed=<4s £{g P3ONEoalUl Suo11sanb aage aaadyl IHIULS TeuoTSIAO0Id 3ae Blep ISDdYLe

920" 1

920" T

66S° T

66S°1

150°2 9c v 09 b

000" T

000° T

100°2

100°2

£0¢°2

£0S°2 1e°¢ O

100°2 $6°1 00°2

£00°¢ 9c 1 09°1

$0S° 2 9c 1 09°1

cc6° 1 661 10°2

626°2 661 10°2

2E°2 L8671 19°1

$96° T e 1 19°1

0%6°2Z L8°1 19°1
o1 x "1 °k K

sjauun) puiy Jwosadng Ut PAIANAQ sHead (endsds “Z lqey

~)

o Ay — . 1 A O g sl -




LS,

- L85 egp "

AEDC-TR-81-26

presence of the *“Tollmien-Schlichting” instability could not be verified in the microphone
data in any of the other wind tunnels because the amplitude of the disturbance valyes was
much higher than in the Langley tunnels and thus obscured any Tollmien-Schlichting waves.
However, the empirical relations derived from the flight data, Ref, 11, provided a basis for
estimating the Tollmien-Schlichting frequency expected in the wind tunnels at typical

operating temperatures. An estimated frequency of the instabilities expected at the two
microphone locations for 0.5 < M. =< 2.0 s given in Table 3.

Mg
Le 20
X] [ ] ] |
% ° a 4SPT
0.5 y d U st
[~ 9 4 d f 4SUPWT
X Mack's First Mode
0.4} Flat Plate at V3Re,
(Ref, 12)
% 03 Flight Data, Mg = 1.4 to L7,
P Y from Fig. 6
:0
5: 0.2} x Me.l‘ﬁ,w'o
x Me . 2, Y0
x  Mg=16 ¥ =55deg
X Mee2 ¢ =60d
0.1} ¢ %
0 } 1 | 4 d
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vRe,

Figure 13. Nondimensional frequencies versus \/'ﬁ'éx in the
Langley Tunnels at M. = 1.6 and 2.0.
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Figure 14. Nondimensional frequency versus vRe, from
NASA Langley 4 SUPWT, test section No. 2.
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5.0 TRANSITION

Various methods used to deteet the location of transition will give different results as
reported by Potter and Whitficld, Ref. 13. A chief dif ficulty among transition investigations
has been the inability to establish a clearly defined *“single’* location that could be called the
transition point. One method commonly used to ensure a consistent definition of transition
location uses the surface traversing pitot probe, which was employed exclusively in the
studies reported herein. A typical pitot pressure traverse profile obtained in flight on the
cone surlace is shown in Fig. 1S, In the present investigation the point denoted by X1 was
designated the end of transition, and the point X, was designated the onsct of transition.
Both points were documented in terms of the end and onset of transition Reynolds numbers
defined, and used, in Refs. 10 and 1} as Rer = U, Xy/p.and Re, = Ue Xi/ve. In this report,
Re; is chosen exclusively for the correlations. This is the same Rey correlated by Pate and

Schueler in Ref. 14 and by Pate in Ref. 15; hence, the present definitions are consistent with
those measurements.

-3
1L,000x10° ( Free-Stream Impact Microphone
j {
£ 060k, o P augqﬁﬁg
>y M
0.200%
AtOnset: Mgy« 144 Xq (End)
<107 f\dl? = 39, 850 ft {
5200510 °
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{’; 440F  pigt Pressure 4 ALENd: Mg =144
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4, 000 |- ey, Up/Vp " 287 x1
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Figure 16. Typical in-flight pitot pressure profile.
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5.1 FLIGHT REFERENCE DATA

The transition Reynolds numbers measured on the cone in flight are presented as a
function of M, in Fig. 16, These data have been correeted for deviations from zero incidence
angle and adiabatic wall temperature at the time of data acquisition as outlined in Ref. 11,
The different symbols used in Fig. 15 relate to how the flight tests were performed and are

consistent with the symbols in Fig. 3. For approximately constant U./v, , transition location
moved monotonically aft as M, increased.

Nominal .
D= sym I P
0 1,100
N a 800
10 o 550
e] 300
i 4 %  £°% 0
9 o 0 0 0 |
8 & 0
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(o =} 4
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o o 0o o .
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5F o [r ) L
o p ’
| o2 |
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2 L 1 94 1 |
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Figure 16. In-flight transition Reynolds number ‘
as a function of M, . 4
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Normalized overall-RMS free-stream impact microphone data acquired in flight are
shown in Fig. 17, The data vary monotonically as a function of Mach number and indicatc a
very low disturbance environment in flight, As shown in Fig. I8, the end-of-transition
Reynolds number corrclates well with the disturbance measurements under the laminar
poriion of the boundary layer on the cone surface. (Transition occurred ahcad of the
forward microphone at the higher values of 4o, henee no disturbance measurements under a
laminar boundary layer could be obtained.) One might cxpect that these two quantities
should be related because the connection between the pressure fluctuations dominated by
the growing Tollmicn-Schlichting waves and the cventual transition Reynolds number is
obvious. However, there also exists a correlation between the transition Reynolds number
and the free-stream impact pressure fluctuations as shown in Fig. 19, and it is less obvious
why this should be so, No real understanding of precisely what the free-stream impact probe
measured was obtained in the flight experiment, nor could the sources of the disturbances
actually imposed on the cone be ascertained. The wake of the cone itself represented a
significant disturbance source which may have established a disturbance value.

0.24 Microphone Nominal
Sym  qm, psf
¢ 1, 100
a 800
o0  freeStrean 5 550
v 250
b 200
£ 016} o Flags and half-solid symbols
g ° indicate data from different days.
= Iy
9 &
g o1} 8 o
»® o
8
(-3

5
A

0.08

| ) Z’*é%"

0 3 ] Nl [l '}

0 0.4 0.8 1.2 1.6 2.0

Figure 17. Free-stream impact pressure fluctuations.

29

.




& u

AEDC-TR-81-26

Nominal
40 [ Sym Oy pst
30 X2 3 a 800
oy o Xy o a 550
o 300
01 Microphones 7 250
15F [ 200
0 -.~~~‘"W
- =~ Flagged Symbols - Supersonic
A i S~ 1\"’"».
2 L "“'rfs 7 o= ./
> sk 0 \‘g\ — =
(-3 i s S~ ==
4 §: \\5\ =~ ~—
i {5-2 -1/4 S~
2;_ Rey = 3.7 x10% T X100 -
‘ 4 ® +20-percent
Zero-1ncidencs Devizton
L5} Adiabatic wall
| | 1 4 1 1 1t | { 1 1 1 111
0.01 0.0 0.04 0.06 0.1 0.2 04 06 1.0
,/ 6;2 /qm x 100, percent
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Only at two Mach numbers were sufficient flight data taken at varied altitudes to check
for a unit Reynolds effect in the Might data. The data are presented in Fig, 20. Aithough the
altitude variation in thocsands of feet wits targe, the spread in unit Reynolds number was
only about a factor of twe. These results are, therefore, not as conclusive as one would like.

One might argue that the data indicate a slight increase in Rey with increase in U

both Mach numbers. In fact, the slope dR
(Ref. 16) will fit the data presented in Fig,
scatter, no conclusive statement is possible,

sym Mg °
0 15
10 - o 08
00
? 0
* Y
8 0
r Q
?
=
» 6
&
9]
’r o
0 0
0 0
@]
A Y
&
3 -
2 } 1 1 i 1
0 | 2 3 4 5
UV X 106 ¢}
Figure 20. In-flight transition Reynolds number as a

function of U_/v_.

31

o/ Vg al

e/ Mo /v a) found in the acroballistic range
20 quite well. However, because of the data




7%

o

*

-

*4

AEDC-TR 81 20
5.2 WIND TUNNEL DATA

It was possible 1o distinguish characteristies of transition behavior as o function of M.,
and Uy 2 ey in four major Rroupings of tunnels given in Ref. 10, These groupings (see Table

1 were made on the basis of similar wind tunnel geometric configuration. The four Rroups
were as follows:

1. Slotted- or solid-wall transonic and subsonic tunncls,

2, Perforated-wall transonic tunnels,
A Iwo-dimensional-nozsle supersonic tunnels, and

4. Sliding-block-noszle supersoniv tunnels

Note that the data presented in Fig. 21 from the Group 2 tunnels with walls taped are
mostly below the flight data. As shown in Fig. 21, there is relatively good agreement between
the flight and wind tunnel data up toabout M, - 1.2 for the Group 1, 3, and 4 tunnels, Fig.
21. Beyond M, = 1.5, however, Rey in the wind tunnels decreases in constrast to Rey in
flight, which continues to increase. The transition Reynolds numbers measured in all wind
tunnel groups, Ref. 10, and the flight data, are compared as a function of M, in Figs. 21 and
22. The wind tunnel data have been interpolated to nominal unit Reynolds numbers of 2.0 x
10, 3.0 x 10%, and 4.0 x 10° ft !, There is a l4-percent increase in Ret for unit Reynolds

numbers between 2 and 4 million at supersonic speeds in the wind tunnels. The flight data .

envelope is from Fig. 16. There is very poor correlation between Rer obtained in flight and
in the Group 2 tunnels.

The overall RMS pressure fluctuations measured on the cone surface for laminar
boundary-layer conditions are shown in Fig. 23 for tunnels which represent some of the
lowest values measured in the wind tunnels across the full Mach number range. The dashed
curve shown in Fig, 23 is Lowson's empirical relation from Ref. 17,

Vi ,
- . ](X) 0. . (2)
I\ oo

for estimating the pressure fluctuations at the wall beneath an attached turbulent boundary
fayer. The data obtained in wind tunnels represent disturbances perceived at the cone surface
from all sources including those generated by the tunnel wall boundary layer. These
disturbance values generally lie below Fowson's relation but above the envelope of the fight
test data, indicating that in those tunnels the boundary layer is being excited by external

.
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sources whose intensity, while a factor of three above the flight values, is for the most part
below that of a fully turbulent boundary laver. Since the transition Reynolds numbers
measured in these wind tannels at Mach numbers below about 1.2 or so agree with flight
(within the diva seatter), the noise environment must he sufficiently low not 1o affeet
transition, Hevond a Mach number of abowt 1.2, however, even the best wind tunnels are
not quiet enough to duplicate the Night data. Thus, data obtained in all tunnels between
M. = L2and some upper boundary, certainly greater than two, are not representative of

10.0

9.9¢
~ Flight Data Envelope (Fig. 16)

80}

1.0}

4

6.C

ReT x 10'6

Tunnel

NASA/Ames 12 PT

NASAfara'ey 16 TT

NASAN2igley 16 TOT*
NASANangley 8 TPT

NSR&DC 7x 10T

NASANangley 4 SPT
NASAMLangley 4 SUPWT (TS No. 1)
NASAAangley 4 SUPWT (TS No. 2)
AEDC VKF Tunnel A

AEDC Tunuel 16T (Walls Taped)**
AEDC Tunnel 4T (Walls with Tape or Screens)**
NASA/Ames 11 TWT (Walls Taped)**
NASA/Ames 14 TWT (Walls Taped)**

*Test Medium - Freon
. , **Special Test of Group 2 Tunnels
1.0 . .

0 1.0 2.0 3.0 4.0 5.0
e

a. U /v, =20 x10°
Figure 21. Transition Reynolds numbers obtained in wind tunnel
groups 1, 2, and 3.
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fight it the phenomenon of interest is dependent on the location of natural boundary-layer
transition., In the Group 2 tunnels the disturbance environment IS, a0 some Mach numbers,
wo orders of magnitude more intensive than_the Mlight vilues as shiown in Fig, 24, The

Group 2 tunnels exhibited large increases in VP/g.. inthe narrow band of Mach numbers
p q

10,04~
F

9.0

80

1.0

Tuniel

NASA/Ames 12 PT
NASAAangley 16 TT
NASAlLangley 16 TOT*
NASANangley 8 TPT
NSR&DC 7x 107

RAE Bedford 8 x 8 SWT
NASA/Ames 9 x 7 SWT
NASANdangley 4 SPY

o
o
t

3.0

RAE Bedford 3 x 4 HSST
AEDC VKF Tunnel A

T
w
XRQROODOOTOC OO b.otg

*Test Medlum - Freon

o n 1

- Flight Data Envelepo (Fig. 16)

NASALangley 4 SUPWT (TS No. 1)
NASANargley 4 SUPWT (TS No. 2)

AEDC Tunnel 4T (Walls with Tape or Screens)*e
NASA/Ames 11 TWT (Walls Taped
NASA/Ames 14 TWT (Walls Taped)**

"Sper.!al Test of Gpup 2 Tunqels

0 1.0 2.0 3.0 4.0

b. U./v, = 3.0 x 10°
Figure 21, Continued.
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Flight Data Lnvelope (Fig, 16)

RO [
7.0
6.0
° 50}
=]
= Tunnel
é_ aol e NASA/NLangley 16 TT \
' A NASANLangley 16 TOV®
° NSR&DC 7x 10T
& 0 NASA/Ames 9x 7 SWr
30k b NASANangley 4 SPT
' o NASANLangley 4 SUPWT (TS No. 1)
8| NASANangley 4 SUPWT (TS No. 2)
b AEDC VKF Tunnel A
& AEDC Tunnel 4 T (Walls with Tape or Screens)**
201 & NASA/Ames 14 TWT (Walls Taped)**
*Test Medium - Freon
**Special Test of Group 2 Tunnels
l. 0 L 1 3 1 ]
0 1.0 20 3.0 4.0 50
Me

c. UJ/v, =4.0x 10°
Figure 21. Concluded.

from about 0.6 to 0.9. When s/i’?/q., was larger than about 1.5 percent, transition was so

far forward on the cone that both microphones were beneath either turbulent or transitional
flow.

A correlation of Re; meaurements as a function of measured \rb',_/q., in eighteen of
the wind tunncls and in flight is presented in Fig. 25, (These are the same flight data shown
in Fig. 18.) This correlation includes data at all Mach numbers and unit Reynolds numbers,
The data appear to fall within approximately + 20 percent of a mean empirical curve given

by
_— -4
Rv,r 3.7+ 109 [\J'l)"'.,, Un, * l()()] )
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o
F bt Data Cavelope (Fiq 1)
|
)
KX |
3 :
L Sym Tunnol
o - o AEDC Tunno! 167
- & A AEDC Tunnel 47
] o o ONERA 6 x 6 52 Modane
- (4 NASA/Ames 11 TWT
. & WASA/Ames 14 TWT
= 9 Calspan 8 TWY
° ARA, Ltd. Bedford 9 x 8
-
» Conditions: Zero Incidence .
f Adiabatic Wall ,
-
p 1.0 1 | |
» 0 1.0 2.0 3.0
o Me i
a. U_/v_=20x 10° )
o Figure 22. Transition Reynolds numbers in §
group 2 wind tunnels.
The term p.* was measured under the laminar portion of the cone boundary and, of ;
| course, includes an integration of all frequencies above 200 Hz from all sources including the
-~ cone boundary layer itself. The need to obtain spectral data in the 10- 1o 80-kHz range was
not recognized daring the wind tunncl investigations (nor is it an casy measurement to 3
= obtain). Thus, one can only speculate that **carly® transition is caused by external excitation "
' |
|
i
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100
90 Tiight Data Fnvolope (Tlg, 16)
80
1.0
6.0
e Sym Tunnel
= 50k o AEDC Tunnel 167
& a) AEDC Tunnel 4T
o v NASA/Ames 11 TWT
& NASA/Ames 14 TWT
A0 9 Calspan 8 TWT
o ARA, Lid. Bedford 9 x 8
301
20}
1.0 4 L |
o 1.0 2.0 3.0
Me

b. U /v, =3.0x 10"
Figure 22. Continued.

of the boundary layer at frequencies associated with the *Tollmien-Schlichting’* waves,
wherein the more energy contained in the unstable frequency band the carlier transition
oceurs. The data presented in Fig, 25, however, do not refute that hypothesis. It is also
possible, however, that large values of sound power at frequencies lower than those
associated with the “natural’® waves may cause transition through another mechanism —

for example, some sort of nonlinear coupling phenomenon (i.e., see Ref. 18 by M.
Morkovin).
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Rey x 10

10. 0y -

201

#light Data Envelope (Fig 16)

Tunnel
AEDC Tunne! 167
AEDC Tunnel 4T

NASA/Ames 11 TWT
NASA/Ames 14 TWT

L0
0

L0 20 30
Me

c. U /v, =4.0x 106
Figure 22, Concluded.
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080 _ UM ® 3.0x 105, ']
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Figure 23. Comparison of lowest disturbance levels measured
in wind tunnels with disturbances in flight.
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Figure 24. Disturbance measurements in group 2
transonic wind tunnels.
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Figure 25, Correlation between Re; and cone surface
disturbance measurements.
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6.0 CONCLUDING REMARKS

An experimental invest igation using o 10-deg (toral angle
standardized instrumenti on and test procedures
standing of the nature of Iree-stream disturbang
have on Reynolds number sealing. The inve
U. S. and Europe and fight tests with the

) calibration cone with
was conducied 10 gain increased under-
¢s in wind tunncls and what influence they
stigation included tests in 23 wind tunnels in the
tone mounted on the nose of an F-1§ aircrafl.

The approach was 10 use the laminar/turbulent transition location on the cone to
determine the influence of the noise and turbulence in the free stream on transition location

and to determine whether a correlation existed between transition Reynolds number and the
noisc environment.

The data indicated that (he mechanism causing transition in Yoth flight and the wind
tunnels is associated with the formation of Tollmien-Schlichting waves in the laminar
boundary layer. The end-of-transition Reynolds number in both flight and the wind tunnels

the RMS fluctuating pressure measured under the laminar
normalized by the free-stream dynamic
transition Reynolds number with the noise
unit Reynolds number. Thus, it follows t

purtion of the boundary layer and
pressure. Within +20 percent the variation of
parameter was independent of Mach number and

hat the variation of Ret with Mach number and
unit Reynolds number is directly related to the variation of the noise as a function of Mach

number and unit Reynolds number, at least over the range of this investigation. In those
tunnels which operate at Mach numbers below about 1
acoustical disturbances are lower i

turbulent boundary layer, transition Revnolds numbers
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NOMENCLATURE

Mondimensional frequency, Eq. (1)
Freguency, Hy
Power spectral function over 30-see averaging time, psf2/Hz
Cone surface length, 44.5 in,
Pressure, pof
Averaged pressure fluctuation, psf

\ 12
Root-mean-square pressure fluctuation, [jﬂ G(Ndr ]
Dynamic pressure, psf
End-of-transition Reynolds number
Onset-of-transition Reynolds number at x = X,
Reynolds number along cone ray for x measured from cone apex
Temperature, °R
Time, sec
Velocity, ft/sec
Reynolds number per unit length, ft !
End-of-transition location in cone boundary layer, ft
Onset-of -transition location in cone boundary layer, ft
Surface length on cone ray from apex, ft

Angle of attack, deg
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] Angle of yaw, deg

o, Cone half angle, § dep

v Kinemativ viscosity, 11778

¢ Cone roll angle from windward stagnation ray to the pitot probe, tan ' (/)
180, dep

v Angle in which disturbance propagates in a laminar boundary layer relative to
the stream direction, deg

SUBSCRIPTS

0 Zero incidence condition

| Cone forward microphone location, 18.0 in. from the apex

2 Cone aft microphone location, 26.0 in. from the apex

aw Adiabatic wall

¢ Boundary-layer edge conditions

s Cone surface conditions

t Total conditions

w Wall conditions

oo Free-stream conditions
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